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1. Introduction

This paper was written to provide background for the upcoming Office

of Naval Research (ONR) field experiment on tropical cyclone motion. It

provides a discussion of the forecast problem from an operational point of

view and gives a physical description of the region In which the field

experiment would be performed.

As presented at the July 1986 Planning Meeting on the Theory of

Tropical Cyclone Motion (see Elsberry, 1986) held In Monterey, CA, a large

amount of tropical cyclone research has been performed over the past four

decades. Yet each season, forecasters In the Northwestern Pacific face

forecast questions that have no clear answers. The theory of tropical

cyclone motion has not presented them with the understanding of the

complex Interactions of a cyclone and Its surrounding environment to the

degree required for reliable forecasts. Current numerical and statistical

forecast aids provide reasonable forecasts In the textbook forecast

situations, yet common complications such as the presence of an adjacent

tropical cyclone, extratropical transition or Interaction with terrain often

lead to large forecast errors. Errors on a few key typhoons provided strong

operational motivation and support for the funding of the ONR research

Initiative on Tropical Cyclone Motion.

The Northwest Pacific Is the planned site of the ONR field experiment.

V'WA ~ 'I



This region Is of high Interest to the Department of Defense and Is also

adjacent to the most densely populated countries In the world. The

geography, tropical cyclone climatology and weather observing network of

the region are presented in Section 2 to familiarize readers with the

region and to aid in the design of the field experiment.

Section 3 presents some of the more difficult track forecasting
1'

questions In the Northwest Pacific. These questions are presented from an

operational rather than a theoretical point of view, with no attempt to

identify the theoretical understanding that will be required to correctly

handle the situation. Idealized examples are used to describe the forecast

situations with references to recent Northwest Pacific tropical cyclones
'hat exhibit these situations. Appendix A contains a list of sources that

provide historical data for preliminary Investigations and experimental

design. Appendix B contains selected tropcial cyclone tracks from the

Joint Typhoon Warning Center Annual Tropical Cyclone Reports. Tracks of

all tropical cyclones referred to in Section 3 are Included for quick

reference.

2



2. NORTHWEST PACIFIC REGION

The Northwest Pacific region Is the most active tropical cyclone

region in the world. Tropical cyclones have occurred In every month of the

year and as many as eight have occurred in a single month during the peak

of the season. Although geographical features such as the South China Sea,

Kuroshio Current and western Pacific High resemble the Gulf of Mexico,

Gulf Stream and Bermuda High In the Northwest Atlantic, the similarity

quickly ends. The greater tropical ocean area, mountainous Islands and the

monsoon climate of the Northwest Pacific region present a unique

opportunity for tropical cyclone research as well as some unique problems.

This section will describe the geography of the region, the tropical

cyclone climatology and current weather observing network.

a. Geography

The Northwest Pacific region (Fig. 1) Includes the western North

Pacific Ocean, the Philippine Sea, the South China Sea, the East China Sea,

the Yellow Sea and the Sea of Japan. These large bodies of water are

loosely separated by several major Island chains that form a complete ring

around the Philippine Sea, which Is where the vast majority of all

Northwest Pacific cyclones form. These Island chains provide sites for a

unique observing network, but also add to the forecast difficulties of the

region. Several of the major Islands (e.g., the Philippines, Taiwan, Japan

and also the Korean peninsula) are very mountainous with coastal

mountains of 6000 to 10,000 ft and peaks as high as 13,000 ft.

Distances between major cities or DOD bases are also presented In

Fig. 1. These sites would be the most suitable locations from which to

3
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operate weather reconnaissance aircraft, although several alternative

sites are available among the major Islands In the region.

b. Tropical cyclone climatology

The typhoon occurrence frequency by month and year for the last 26

years Is presented In Table 1. If tropical cyclones that did not achieve

typhoon Intensity are Included, the average number per year Increases to

over 27. As mentioned earlier, typhoons may occur In any month of the

year In the Northwest Pacific, with the peak frequency of over three per

month occurring In August, September and October. Note also that there

has only been one season In 26 years where no typhoons occurred during a

peak season month. Although September 1960 had only three tropical

storms, eight typhoons occurred during the preceeding month and four

during the following month. If an experiment was planned for any

two-month period from August through November, the lowest expected

number of typhoons would be two and the average expectancy almost five.

Shifts In the geographical distributions are shown by the average

number of tropical cyclones that pass through five deg lat by five deg Ion

areas for each month from July through December (Fig. 2). The maximum

cyclone occurrence In any month Is In the western Philippine Sea, and

shifts north toward Okinawa during August and September. This maximum

occurrence also shifts slightly from season to season In response to

planetary wave positions.

Composite cyclone tracks from 1984 and 1985 are Included In Figs. 3

through 6 to help the reader visualize some typical cyclone tracks In the

region. The type of cyclone track varies during the season,

5
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Table I. Frequency of typhoons occurring In the Northwest Pacific region
by month from 1959 to 1985.

FREQUENCY OF TYPHOONS BY MONTH AND YEAR

YEAR JAN FEB IAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTALS

1959 0 0. 0 1 0 0 1 5 3 3 2 2 17

19 0 0 1 0 2 2 8 0 4 1 1 9
16 8 1 0 2 1 3 3 5 3 1 1 0
1962 0 1 2 0 5 7 2 4 3 0 24
1976 0 0 0 1 1 2 3 3 3 4 0 2 19
194 0 0 0 0 2 2 6 3 5 3 2 1 26

197 5 1 0 2 4 35 2 1 0 1J6

19 0 0 0 1 3 2 1 0 1.
7 20

19

19758 1 8 8 1 4 3 4 0 20

098 0 0 0 0 0 2 2 1 1 1

1 9 01 1 0 0 2 3 24 3 2 0 15

1979 1 0 1 0 2 2 3 2 1 1 14

0 0 1 6 3 5 3 0 .24117

0 3 2 1 4 2 0 12

198 0 0 0 0 0 3 0 2 1 2 1 16
198 0 0 0 0 1 2 4 3 2 0 1 51
AVERAG 12 10 12 06.8 . 27 3. 3 2. 1 .6 17.

198 0 0 0 2 0 3 2 2 1 6
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with more straight tracks (under the subtropical ridge) or classic

recurvature tracks (around the subtropical ridge) during the later part of

the season.

c. Observing network

Weather observing stations In the tropics have always been scarce

and the Northwest Paclfic region Is no exception, although It has more

reporting stations than most tropical regions. Coverage along the Asian

coast and In the major Islands Is excellent and the many Islands In the

region offer numerous sites for remote observing stations.

An example of current surface weather observation coverage In the

region Is given In Fig. 7. Land observing stations and routine ship

observations give adequate large-scale coverage of all areas except the

Philippine Sea between 150 and 250 N. In this area, ocean buoys or

additional ship observations would be required to provide adequate

coverage for most experiments.

Upper-air coverage (Fig. 8) is adequate along the coast of Asia and In

the major Islands. Many stations In the Philippine Sea, particularly In the

Caroline Islands, have been closed since the early 1970's due to funding

constraints and political changes. Other stations In this region only report

once each 24 h. This reqIon would require additional upper-air coverage

for many motion experiments.

Military and commercial aircraft reports supplement the rawinsonde

network. Additional military pireps may be available on a time-delayed

basis which would not compromise military aircraft positions during

operational missions. The 54th Weather Reconnaissance Squadron, which

10
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normally performs typhoon reconnaissance In the Northwest Pacific, is

scheduled to be disestablished on I October 1987. Other Air Force

weather reconnaissance aircraft fly In the region but do not perform

typhoon reconnaissance missions.

Radar coverage Is available for all DOD bases and major population

centers. Figure 9 was taken from the Typhoon Operation Experiment

(Topex) Operational Manual and is a display of current radar coverage with

the exception of Xisha Dao In the Paracel Islands (WMO 59981), which Is

not a normal reporting station. Guam Is not shown In Fig. 9 but It Is also a

reliable reporting station. (China has recently received some additional

radars but these may not be available at the time of the field experiment).

Although some radar stations In the Philippines have had problems with

reliability, the U.S. radars there are very reliable.

Satellite coverage in the region Is provided by the NOAA and DMSP

polar orbiting satellites and the Japanese GMS geostationary satellite,

which Is located at 1400 E.

13
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3. FORECAST PROBLEIS

a. Selection process
The selection of tropical cyclones as "operationally Interesting

cases" for further study Is necessarily a very subjective process. Every

cyclone seems to exhibit special track characteristics, and some are more

easily forecast than others. Even a cyclone that moves consistently on a

straight path may pose difficult forecast problems. These forecast

problems are not always evident when the entire track evolution is viewed

after the fact, because an In-depth knowledge Is required of what actually

occurred "in the pits" as the forecasts were formulated.

Not all difficult forecasts are scientifically Interesting cases. Many

forecasts fall from inaccurate Initial conditions, lack of synoptic data,

Inaccurate cyclone positioning or Improper analysis. These cases, as well

as cases that occur so Infrequently that there Is little chance of a

reoccurrence during a field experiment, have not been included in this

discussion.

The cases selected are situations that confront the forecaster each

season, and which continue to pose difficult forecast problems. Selection

Is not for "scientific merit" but for their impact on the tropical cyclone

forecast problem In the Northwest Pacific. These are the cases that I

would like to fully understand as a forecaster.

The frequency and the seasonal distribution of Interesting cases

during the Northwest Pacific tropical cyclone season are displayed In

Table 2. The cases are arranged In order of decreasing Impact on overall

forecast skill. Stated differently, forecast skill In the first case would

15



Table 2. Operationally Interesting tropical cyclone Yorecast cases In the
Northwest Pacific region from 1982 to 1985.

CASES JUN JUL AUG SEP OCT NOV DEC TOTAL

CYCLONE -CYCLONE 1 5 2 1 2
INTERACTION

CYCLONE - MIDLATITUDE
TROUGH INTERACTION
CYCLONE - SUBTROPICAL 2 5 6 3 1 - - 17
RIDGE INTERACTION

EXTRATROPICAL 3 3 6 6 6 1 1 26
TRANSITION

TERRAIN
INTERACTION 2 I 9 5 2 2 36

MONSOON SURGE 3 - 6 2 3 4 6 24
INTERACTION

TUTT OR UPPER LOW
INTERACTION 4 5 3 5 -8

TOTAL TYPHOON/TS
1982-1985 0 13 22 16 20 10 6 95

16
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eliminate the greatest number of large track forecast errors (e.g.,

forecasts that failed to provide adequate warning due to direction errors

of greater than 45 deg or speed errors resulting in timing errors of more

than 12 h).

Cyclones were assigned to categories based on the definitions given

below. A cyclone could qualify for more than one category If it exhibited

the requisite characteristics. Two subjective factors that affected the

categorization need to be emphasized. First, only cases that posed

interesting forecast difficulties were included. Thus, a cyclone that

tracked cleanly around the subtropical ridge was not tabulated as a

subtropical ridge Interaction. Secondly, It was difficult to identify the

"negative" cases - - cyclones that were expected to have Interactions, but

the interactions never occurred. This Is a serious shortcoming, as these

cases are Just as important to the forecaster as those cases In which

Interaction actually occurs.

Northwest Pacific tropical cyclones from 1982 through 1985 are

listed In Tables 3 to 6. The forecast characteristics of each cyclone are

tabulated in more detail and the tables also Indicate time of occurrence

and If the overall horizontal dimensions (size) of the cyclone contributed

to the forecast difficulty. These tables are intended to allow the reader

to refer to specific examples of forecast situations and will be presented

In greater detail in the case descriptions below.

b. Case description

(1) Multile cyclone Ineactio The Interaction of two or more

tropical cyclones Is one of the most challenging track forecast questions a

forecaster must face. As demonstrated In Table 2, this occurs an average

17
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of three times per season (I I cases In four years) In the Northwest

Pacific. Very little guidance is available to the forecaster except papers

describing the "FuJiwhara effect" which has not been applied operationally.

All of the statistical or climatological techniques for track guidance are

heavily biased toward single cyclones and the operational numerical

models cannot handle multiple cyclones.

In this case, multiple-cyclone Interacion Is taken to Include all forms

of cyclone-cyclone interaction, rather than just the classic Fujiwhara

motion. One of the most common forms of Interaction In the Northwest

Pacific occurs when one cyclone enhances the monsoon flow surrounding

the second cyclone. A schematic showing the mid-level flow surrounding

the two cyclones in this case Is shown in Fig. lOa. The cyclone embedded

in the monsoon flow tends to move with the flow while the other cyclone

controls the depth and strength of the monsoon flow Typhoons (TY) Orchid

and Percy in 1983 and Super Typhoon (STY) Vanessa and TY Warren In 1984

are excellent examples of a typhoon embedded in the Southwest Monsoon

that Is influenced by an adjacent typhoon. Also in 1984, STY Bill was

Interacting with the Northeast Monsoon flow when TY Clara appeared to

enhance the flow and cause Bill to "shear" and move southeast.

Another form of Interaction is the apparent building of a ridge

between the two cyclones that appears to force the cyclones apart.

Typical tracks of the two cyclones are depicted in Fig. lOb. The cyclones

are initially drawn toward each other as in a Fujlwhara interaction, but

then a narrow ridge appears to force the cyclones apart. There have been

no studies to date to verify If the ridge Is a result of cyclone-cyclone

Interaction or If it Is an unrelated synoptic event. Typhoons Cecil and Dot
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I n CYCLONE \4

-700 Mb FLOW TRACK
-- CYCLONE TRACK W SURFACE ISOBAR

()MONSOON INTERACT ION ()INDUCED HIGH

CYCLONE TRACK -RELATIVE TRACK
(C) FUJIWHARA MOTION (TRUE) Wd FUJIWHARA MOTION (RELATIVE)

Fig. 10. Tropical cyclone motion during cyclone - cyclone interaction for
(a) monsoon interaction, Wb induced surface high pressure, (c) true
Fujlwhara motion, and (d FuJiwhara motion relative to the "center" of the
cyclone pair.
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in 1982 and Dinah and Ed in 1984 are cases In which this Interaction Is

suspected to be responsible for unusual cyclone motion.

A third Interaction occurs when the outf low from one cyclone Inhibits

the development and therefore the structure of the second cyclone, and

Indirectly changes Its response to environmental steering and the final

track. This Interaction occurs frequently whenever multiple cyclones

exist and has led to a general forecasting rule that cyclones with a

separation of less than 15 deg lat will tend to inhibit development of both

cyclones while a separation of greater than 15 deg lat may actually

enhance development through enhanced outflow. The motion interaction

results from the cyclone responding to a shallower steering flow when its

convection is suppressed than when strong convective development Is

present.

The final form of multiple-cyclone interaction is the classic

Fujiwhara effect. Although no forecast technique to predict Fujiwhara

motion is in use, possible recent examples of this motion are Typhoons

Maury and Nina In 1984 and Odessa and Pat In 1985. This motion has been

described as the rotation of two cyclones about their "center of mass"

while the combined cyclones follow the environmental steering.

Schematics of an idealized Fujlwhara Interaction with both the true

motion and the motion relative to the center point between the two

cyclones are shown in Figs. IOc and lOd.

(2) Cyclone - mid.latiud t Interacio. The Interaction of a

cyclone and a midlatitude trough results In a recurvature/no-recurvature

forecast; I.e. will the cyclone be picked up by the trough and accelerated

rapidly off to the northeast (Fig. I la) or will it continue slowly westward
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(a) I RCURVE

H

(b) STEPPING (C) LOOPING

Fig. 11. Tropical cyclone moti on during cyclone - midlatitude trough
interaction for (a) recurvature, (b) stepping and (c) looping.
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(or even south of west). Almost every year, Incorrect recurvature

forecasts result In 72 h track forecast errors of over 1000 n ml. Since

approximately half of all Northwest Pacific tropical cyclones eventually

do recurve, this recurvature forecast question Is faced frequently by
operational forecasters.

If the track of the cyclone was significantly affected by the passage

of a mid-latitude trough, then the cyclone was Included as one of the cases

In Table 2. In Tables 3 to 6, this category Is further subdivided Into

"step', "loop" and "recurve".

Stepping (Fig. II b) occurs when a passing mid-latitude trough

weakens the subtropical ridge and the steering flow surrounding the

tropical cyclone. The translation speed of the cyclone then decreases and

it moves on a more poleward track. As the trough passes, the subtropical

ridge Is reestablished and the tropical cyclone resumes its westward

movement. Thus, the resulting cyclone track appears to step northward

with each passing trough. TY Gordon in 1982 and STY Marge in 1983 are

excellent examples of stepping.

Looping (Fig. I Ic) occurs under the same circumstances as stepping,

although the tropical cyclone actually moves eastward before resuming its

westward motion. TY Lex in 1983 and TY Brenda in 1985 are recent

examples of cyclones looping.

Both of these scenarios result In 12 to 24 h track "feints" toward the

north that often lead to erroneous recurvature forecasts. Tropical cyclones

labeled as "recurve" are those cyclones that eventually complete

recurvature, tracking north of the subtropical ridge and accelerating to

the northeast. Stepping and looping tropical cyclones often eventually.
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recurve and thus a cyclone may be listed under more than one of these

categories.

There are numerous statistical, empirical, climatological and

numerical methods for forecasting recurvature. These often fail In the

near-miss situations of stepping or looping as the techniques can not

resolve the crucial difference between recurvature and non-recurvature.

The importance of the recurvature forecast to the overall cyclone motion

forecast cannot be overstated, because this Is where the largest motion

errors occur. A better understanding of the physical processes involved

and more reliable forecast techniques are required.

(3) Cyclone-subtropical cl ,e Inteaco.Q. Nearly all Northwest

Pacific tropical cyclones Interact with the subtropical ridge during their

existence. In most cases, these are the easiest systems to forecast as the

cyclone track tends to parallel the height contours of the ridge and move

at fairly persistent speeds (see Fig. 12a). However, some cyclones fail to

move smoothly around the ridge, and exhibit motion that does not agree

with predictions of forecast aids or available descriptions of

cyclone-ridge interaction. The occurrences of these unexplained

Interactions are documented In Table 2.

The unusual cyclone-ridge motion cases have been further separated

Into "extend", "thru" and "odd" categories In Tables 3 to 6. Cases defined

as "extend" have the ridge building or extending westward (Fig. 12b) which

causes the cyclone to remain on a more westward course. It has been

hypothesized in several Annual Tropical Cyclone Reports, as in the case of

TY Vera In 1983, that Interaction with the cyclone may actually cause the

ridge to build westward In these cases and thus result In a
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Fig. 12. Tropical cyclone motion during cyclone - subtropical ridge
interaction for (a) normal motion, (b) extending ridge and (c) through ridge.
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nonlinear steering effect.

Cyclone cases defined as "thru" are those In which the cyclone

unexpectedly moves through an apparently well-established subtropical

ridge. This Is shown schematically In Fig. 12c and an Infamous recent case

of this Is STY Abby in 1983. Those remaining cases In which the cyclone
motion Is apparently the result of subtropical ridge Interaction, but are

not easily categorized, have been grouped together as "odd".

(4) E,,ratro-la t. Extratropical transition occurs as a

tropIcal cyclone Is transformed from a warm core system to a hybrid or

cold-core system. During the transition process, radical track and speed

changes frequently occur. The movement of the cyclone Is also dependent

on the nature or type of the transition and the ultimate structure of the

transitioned system.

ShImamura (1985) reviews several ways a recurving tropical cyclone

moving Into the midlatitudes may transition Into an extratropical system.
First, a complex transition occurs when the tropical cyclone merges with

a pre-existing front or baroclinic zone and a new extratropical wave is

formed along the front (see TY Clara during 1984 for a recent example of a

complex transition). Second, a compound transition occurs when the

tropical cyclone merges with a pre-existing extratropical low to form a

single system (e.g., STY Bess, 1982). Third, the tropical cyclone may

Interact with a strong upper-level trough without a low-level baroclinic

zone, develop Its own low-level baroclInic zone and transition to a strong

extratropical low (Shimamura's strong Interaction). Fourth, the tropical .C

cyclone may interact with an upper-level trough but slowly weaken and

become a very shallow system that does not develop strong baroclInic-
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instability (Shimamura's weak interaction).

Each of these transition processes has its own unique

tropical-cyclone track characteristics. A strong interactio, generally

results in a sudden acceleration and a more northward track as the

upper-level trough strengthens in response to the tropical cyclone, which

is followed 18 to 36 h later with a significant deceleration as the cyclone

completes extratropical transition (see Fig. 13a and TY Holly, 1984). A

weak Interaction results In a speed consistent with the upper-level flow

and a more eastward track (see Fig. 13b and STY Mac, 1982). TY Owen

(1982) is an excellent example of how the tropical cyclone track may be

dominated by the transition process (Fig. 13c). TY Owen commences a

weak-interaction transition and turns eastward. It then transitions into a

subtropical cyclone and then becomes a tropical system again, with rapid

deceleration and a southeastward movement. After 48 h, it again

commences extratropical transition and reaccelerates to the northeast.

Current numerical models are unable to simulate correctly the variety

of complex structures that occur In transittoning cyclones and therefore

fail to accurately predict the associated track changes. Statistical and

climatological models tend to average out the details of the transition

phase, and thus do not forecast the associated motion changes. As

Shimamura emphasizes, the damage associated with a transitioning

tropical cyclone can be very significant and more knowledge of the

transition process and its effect on cyclone motion is required.

(5) Terrain Ine.a oJ , The Northwest Pacific has several major

islands that have terrrain reaching elevations of 6,000 to 13,000 ft.

Interaction with these islands can cause motion deviations that are very
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Fig. 13. Tropical cyclone motion during extratropical transition or (a)

strong interaction, (b) weak interaction and (c) TY Owen (1982) multiple

transitions.
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difficult to forecast. Empirical studies such as Brand and Blelloch (1973)

reveal unexplained accelerations and decelerations as the cyclone

approaches land as well as preferred tracks across land,

The variety of ways a tropical cyclone can interact with mountainous

terrain is readily evident by examining Fig. 14 from Wang (1980). Tropical

cyclone speed is not indicated in the figure so the complexity of the

problem is understated somewhat. Typhoons Alex and Ike from 1984 are

recent examples of terrain interaction with both speed and track changes

(as well as intensity and maximum wind radii changes). In Tables 2 to 6,

only those cyclones that remain at least tropical storm intensity after

interacting with a major island are included. This number is still one

third of the total tropical cyclones occurring in the region.

These sudden track and speed changes at the crucial moment when

evacuations and preparations are taking place has a very significant

Impact on the effectiveness of the forecasts and warnings In often highly

populated areas.

(6) Monsoon u= Intera.tion, The Northeast and Southwest

Monsoons along the Asian continent have a significant Impact on tropical

cyclone motion. Cyclones forming within the Southwest Monsoon trough In

the South China Sea and Philippine Sea are often nearly stationary and

appear to move only In response to fluctuations In the Intensity of the

monsoon. These cyclones generally Intensify to 55 to 75 kt while

embedded in the monsoon trough. They also frequently exhibit diurnal

track changes In response to diurnal changes in the Intensity of the

monsoon. Typhoon Percy In 1983, and TY Warren and TS Gerald In 1984 are

examples of cyclones that remained nearly stationary In the monsoon
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trough for several days. TS Gerald also demonstrated diurnal fluctuations,

with an apparent northward component of motion occurring during the day

and a southward component during the night.

Many late season cyclones moving Into the northern Philippine

Sea often move erratically for periods up to several days in response to

surges In the Northeast Monsoon coming off the Asian continent. These

cyclones are generally caught between a westerly flow at upper levels and

a northeasterly flow at low levels. The resulting motion Is extremely

difficult to forecast. Typhoon Orchid and Tropical Storms Ruth, Sperry and

Thelma from 1983 are a series of tropical cyclones interacting with the

Northeast Monsoon, which exhibit the possible types of motion including

quasi-stationary, southwest, southeast and delayed recurvature to the

northeast.

Cyclone - monsoon interaction is not properly handled by current

forecast aids. Numerical models will often give an Indication when the

interaction should occur, but they are not capable of forecasting the

resulting track and structure changes. Statistical and climatological aids

similarly indicate a slower motion, but rarely provide reliable track

forecasts

(7) =T o uIoer IDA Interaction. Although a large amount of

research has been published on the effect of upper low systems on the

intensity of tropical cyclones, little has been written concerning their

influence on the cyclone track. Roughly one fifth of the Northwest Pacific

cyclones Interact with upper lows, and occasionally the Interaction

results In a significant (and usually unforecast) effect on the cyclone

motion. These track interactions can result In very unusual cyclone
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motion such as south or southeastward movement (see TY Ellis In 1985) or

very sudden track accelerations. Unfortunately, these Interactions are

almost always Identified after they occur. No help Is available from

numerical or statistical forecast techniques.

All cases of cyclone with a TUTT/upper low in close proximity have

been Included In Table 2 because of the difficulty of determining the

Impact of the upper low on the cyclone's motion. It should be mentioned

that upper-level low systems are often analyzed Incorrectly or missed

entirely due to the resolution of upper-level observations over the tropical

ocean areas, which contributes significantly to the forecast problem.
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APPENDIX A

DATA SOURCES

National Climatic Data Center
National Environmental Satellite, Data and Information Service
Federal Building
Asheville, NC 28801

National Snow and Ice Data Center
CIRES Campus Box 449
University of Colorado
Boulder, CO 80309-0449

Department of Meteorology
Naval Postgraduate School
Monterey, CA 93943-5000

Naval Environmental Prediction Research Facility
Monterey, CA 93943-5006

Naval Oceanography Command Center/Joint Typhoon Warning Center
COMNAVMAR, Box 12
FPO, San Francisco, 96630

NOAA/NESDIS/NCC
Satellite Data Services Division
World Weather Building, Room 100
Washington, DC 20233-1000.

Department of Meteorology-HIG331
University of Hawaii
2525 Correa Road
Honolulu, HA 96822
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APPENDIX B

SELECTED TROPICAL CYCLONE TRACKS

The following tropical cyclone tracks were referred to in the case

descriptions in section 3 and are Included to help the reader visualize the

cyclone motion. The figures have been taken from the 1982 to 1985 Joint

Typhoon Warning Center Annual Tropical Cyclone Reports. The annual

reports also contain a complete history of the tropical cyclones and

describe some of the Interesting forecast events.
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STORM

NAME YEAR OPERATIONALLY INTERESTING FEATURE(S) PAGE

Orchid 1983 Storm Interaction plus NE Monsoon B-3

Percy 1983 Storm Interaction plus SW Monsoon B-4

Vanessa 1984 Storm Interaction B-5

Warren 1984 Storm Interaction plus SW Monsoon B-6

Bill 1984 Storm Interaction B-7

Clara 1984 Storm Interaction plus Midlatitude Trough B-9

Cecil 1982 Storm Interaction B-10

Dot 1982 Storm Interaction B-I

Dinah 1984 Storm Interaction B-12

Ed 1984 Storm Interaction B-13

Gordon 1982 Stepping B-14

Marge 1983 Stepping B-15

Lex 1983 Looping B-16

Brenda 1985 Looping B-17

Vera 1983 Ridge Effect B-18

Abby 1983 Ridge Effect B-19

Bess 1982 Midlatitude Trough B-20

Holly 1984 Midlatitude Trough B-21

Owen 1982 Midlatltude Trough B-22

Mac 1982 Midlatitude Trough B-23

Alex 1984 Terrain Interaction B-24

Ike 1984 Terrain Interaction B-25

Gerald 1984 SW Monsoon B-26

Ruth 1983 NE Monsoon B-27

Sperry 1983 NE Monsoon B-28

Thelma 1983 NE Monsoon B-29

Ellis 1982 TUTT B-30
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